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Chapter III 
 
Dynamic Behavior of Nitrifying Bacterial 
Spatial Organization in the Biofilm 
 
 
 
SUMMARY 
 
   The in situ spatial organization of heterotrophic and nitrifying bacteria, their dynamic 
transition in the biofilm and the functions of the biofilm produced by heterotrophic 
bacteria were investigated by fluorescence in situ hybridization (FISH). Autotrophic 
biofilm (nitrifying or nitrite-oxidizing biofilm) was constructed while controlling the 
microbial community structure from the heterotrophic-bacteria-predominant biofilm used 
as the starting biofilm by the heterotrophic bacteria themselves and their products. 
Heterotrophic bacteria that initially occupied the outer layer gradually decreased whereas 
ammonia- or nitrite-oxidizing bacteria gradually increased their growth activity and 
extended their existence area to the outer layer of the biofilm previously occupied by the 
heterotrophic bacteria with the gradual reduction of the C/N ratio (the ratio of organic 
carbon sources to ammonium nitrogen). The spatial organization of nitrifying bacteria in 
the biofilm dynamically changed in response to environmental conditions such as pH 
fluctuation and lack of dissolved oxygen, and reflected on the characteristics of treatment 
activity. The extracellular polymeric substances (EPS) produced by heterotrophic bacteria 
functioned as a scaffold. Therefore, ammonia- or nitrite-oxidizing bacteria could grow in 
the biofilm and change their spatial organization in response to the environmental 
conditions without destruction of the biofilm that would causes washout of nitrifying 
bacteria. Nitrobacter sp. was likely to be responsible for nitrite oxidation in the reactor in 
which high concentrations of ammonia or nitrite were fed at a high loading rate rather 
than Nitrospira sp., which was found to be an important species in the wastewater 
treatment reactor in the previous study. 
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3.1 INTRODUCTION 
 
Nitrification, which converts ammonia into nitrite and nitrate, is the initial step of the 
biological nitrogen removal process carried out by two phylogenetically unrelated groups 
of autotrophic aerobic bacteria, namely, ammonia-oxidizing bacteria (AOB) and 
nitrite-oxidizing bacteria (NOB). This is followed by the denitrification of nitrite and 
nitrate to nitrogen gas. Although nitrification is one of the most important and popular 
steps for both domestic and industrial wastewater treatment processes, it is the 
rate-determining step in most nitrogen removal processes. This is because of the difficulty 
of maintaining large amounts of nitrifying bacteria in a reactor due to the extremely low 
growth rate of autotrophic nitrifying bacteria and their sensitivity to toxic shock, pH, 
dissolved oxygen (DO) and temperature fluctuation (7). In general, the maintenance of 
large amounts of nitrifying bacteria in a reactor has been one of the most important issues 
to improve stability and nitrification rate in wastewater treatment processes. Some 
effective methods for the immobilization of nitrifying bacteria have been established, such 
as the use of biofilm on supporting materials (26), entrapment in polymer gel (15, 25, 31), 
and formation of granules (6). Therefore, the investigation of the in situ spatial 
organization of immobilized nitrifying bacteria in biofilm-like materials may be the key to 
improving treatment performance and controling process stability.   
The recent development of molecular biological techniques such as fluorescence in situ 
hybridization (FISH) and PCR techniques or immunological methods has made it possible 
to analyze microbial communities, distribution and number of specific bacteria. To date, 
these molecular tools targeting signature regions of the 16S rRNA of AOB and NOB have 
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been successfully used in phylogenetic identification and quantification in environmental 
and engineered systems (11, 14, 23, 24). Various types of AOB were reported as the 
dominant species, such as Nitrosomonas sp., Nitrosococcus mobilis, and Nitrosospira sp., 
(3, 28, 29) whereas almost all Nitrospira spp. (10, 16, 20, 21) with a few exceptions of 
Nitrobacter spp. (14, 19) were reported as nitrite oxidizers in recent studies on 
investigating many types of wastewater treatment reactors.  
FISH has also provided some information about the spatial distribution of nitrifying 
bacteria in biofilm. Nitrosospira, and Nitrospira spp. formed dense clusters in aggregate 
from nitrifying fluidized reactors (19, 20). Nitrosomonas (AOB) was present throughout 
the biofilm whereas Nitrospira sp. (NOB) was restricted to the inner part of the sewage 
wastewater biofilm as determined by combined analysis with a microelectrode (16). 
However, the dynamic transition of microbial community structure, such as the spatial 
distribution of nitrifying bacteria in response to different conditions of biofilm in a 
wastewater treatment process, has not been systematically investigated. Therefore, little 
knowledge is available regarding the relationship between in situ bacterial spatial 
organization in the biofilm-like material, its transition in response to the environmental 
conditions and nitrification activity.  
In this study, autotrophic nitrifying biofilm was constructed in a fluidized bed reactor 
while controlling the microbial community structure by the gradual reduction of the C/N 
ratio of the feeding substrates. The biofilm constructed by heterotrophic bacteria and their 
extracts was used as the starting biofilm and scaffold where nitrifying bacteria could grow 
and create a community in response to the change of the environmental conditions without 
destruction of the biofilm framework and washout of the nitrifying bacteria. The transition 
of the microbial community structure, particularly the spatial transition of heterotrophic 
and nitrifying bacteria, was monitored. Furthermore, after the C/N ratio reached 0, we 
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investigated the dynamic transition of the in situ spatial organization of nitrifying bacteria 
in the biofilm particles and the performance of the biofilm itself in response to the change 
of environmental conditions, such as, pH and DO, and as well as the nitrification activity 
when synthetic inorganic wastewater was fed.  
 
 
3.2 MATERIALS AND METHODS 
 
3.2.1 Reactor systems.  
A completely mixed-type three-phase fluidized bed bioreactor (8) whose volume was 2 
l was used. A cement ball (diameter: 0.2 mm) was used as a carrier material. Air was 
supplied at a rate sufficient to fully disperse the particles attached to the biofilm and 
provide DO. The pH was maintained around 7 by addition of NaHCO3 1 to 3 times a day 
into the reactor. The organic synthetic substrate and the inorganic synthetic substrate as a 
model for domestic wastewater and industrial wastewater respectively were continuously 
fed with hydraulic retention time (HRT) of 1day.  
 
3.2.2 Autotrophic biofilm formation from heterotrophic biofilm 
Thick and dense biofilm particles with approximately 200 mm thickness which had been 
acclimated in the synthetic domestic wastewater containing 250 g/m3 of ammonium 
nitrogen (NH4+-N) and 1000 g/m3 of carbon sources as total organic carbon (TOC) for six 
months were used as starting biofilm particles. Therefore the biofilm particles were 
consisted of both heterotrophic and nitrifying bacteria. The detail composition of the 
synthetic domestic wastewater has been previously described (3, 26). As shown in Table 1, 
TOC in the inlet solution was gradually reduced step by step while keeping the 
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concentration of NH4+-N at 600 g/m3, that is the C/N ratio in the inlet solution decreased, 
finally resulting in inorganic substrate. After the C/N ratio reached 0, inorganic substrate 
containing 600 g/m3 of NH4+-N without any organic compounds were continuously fed. 
The inorganic substrate fed to the reactor contained 17.3 mM (NH4)2SO4, 0.4 mM 
K2HPO4, 0.03 mM FeSO4, 1.2 mM MgSO4·7H2O, 0.001 mM CaCl2·2H2O and 47.6 mM 
NaHCO3.  
The biofilm particles in which NOB occupied were obtained by same procedure as 
described above except nitrite was fed instead of ammonia. Almost the same heterotrophic 
biofilm particles as mentioned above were used as starting biofilm. The thickness was 
approximately twice larger than that of nitrifying starting biofilm because they acclimated 
in the synthetic domestic wastewater longer. As same as the nitrifying biofilm, the C/N 
ratio of the inlet solution was gradually reduced step by step resulting in complete 
inorganic substrate except 500 g/m3 of NO2--N was fed instead of 600 g/m3 of NH4+-N.    
 
 
 
 
 
 
 
 
 
 
 
 
TABLE 1. Time course of TOC/NH4+-N ratio of inlet solution  
Time (d) TOC (g/m3) NH4+-N (g/m3) C/N ratio (-) 
   - 0 
  0 - 6 
  6 - 12 
 12 - 18 
 18 - 24 
 24 - 
   1000 
   1000 
    750 
    500 
    250 
      0 
250 
600 
600 
600 
600 
600 
4.00 
1.67 
1.25 
0.83 
0.43 
0.00 
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3.2.3 Sample preparation for FISH 
Biofilm samples for the FISH analysis were immediately fixed in freshly prepared 
paraformaldehyde solution (4% paraformaldehyde in phosphate-buffered saline (PBS), pH 
7.2) at 4°C for 6-8 h. Then, they were washed in PBS, and stored in a 1:1 mixture of PBS 
and ethanol at –30°C. Before the sectioning, biofilm samples were washed by pure water 
to replace the stored buffer and subsequently embedded in OCT-compound (Miles, Elkahrt, 
IN, USA). A 20-mm-thick biofilm section was prepared from a frozen biofilm sample 
embedded in OCT-compound using a cryostat (CM 1850, Leica, Bensheim, Germany) at 
-20°C. Each slice was placed in hybridization wells on a gelatin-coated microscopic slide 
and immobilized by air drying and dehydrating in a graded series of 50, 80 and 96% 
ethanol. 
 
3.2.4 Oligonucleotide probes 
The following 16S rRNA-targeted oligonucleotide probes were used for in situ 
detection of AOB and other bacteria: (i) NEU23a (28), a probe specific for a region in the 
16S rRNA of AOB which are halophilic and halotolerant members of the genus 
Nitrosomonas (together with Nitrosococcus mobilis); (ii) Nmv (17), specific for a 
Nitrosococcus mobilis; (iii) NIT3 (29), targeting NOB such as Nitrobacter sp.; (iv) 
EUB338 (1), targeting all bacteria. The probe sequences, and hybridization conditions are 
listed in Table 2. The probes were labeled with fluorescein isothiocyanate (FITC), 
X-rhodamine isothiocyanate (XRITC) or Cy5 (Amersham pharmacia, Buckinghamshire, 
United Kingdom). 
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3.2.5 In situ hybridization 
Hybridization of the environmental samples was performed according to the standard 
hybridization protocols described by Amann (1) and Manz et al. (12) at 46°C for 2.5 h in 
a hybridization buffer containing NaCl (0.9 M), formamide (at the concentrations given 
in Table 2), Tris-HCl (20 mM, pH 7.4), and sodium dodecyl sulfate (0.01 %). The probe 
concentration was 0.5 ng/ml. Hybridization was followed by a stringent washing step at 
48°C for 20 min in a washing buffer containing Tris-HCl (20 mM, pH 7.4), NaCl (at the 
concentrations shown in Table 2), and sodium dodecyl sulfate (0.01 %). The NaCl 
concentration was estimated according to the hybridization procedure described by Stahl 
(22). The washing buffer was removed by rinsing the slides with distilled water, and the 
slides were then immediately dried by rotating them using simple centrifugation. 
Simultaneous hybridization with probes requiring different stringency conditions was 
performed using a successive hybridization procedure. First, hybridization with the probe 
requiring a high stringency was performed followed by hybridization with the probe 
requiring a low stringency. Finally, the slides were mounted with an antifade kit 
(Fluorguard Antifade Reagent, BIORAD, Hercules, CA, USA). 
 
3.2.6 Microscopy and Data analysis 
A confocal scanning laser microscope (TCS NT, Leica, Bensheim, Germany) equipped 
with an Ar-Kr ion laser (488 nm, 520 nm and 568 nm) was used to examine the sample 
after the hybridization. All three stages of image combining, processing and analysis 
were performed with the software packages PaintShopPro (Jasc, Eden Prairie, MN, USA), 
and Corel PHOTO-PAINT 8J (Corel, Ottawa, Canada).  
FISH images showing cross-sections of biofilm particles taken by the confocal 
scanning laser microscope were analyzed and converted into two-dimensional graphs. 
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The depth-profiles of AOB and other bacteria were obtained by using software package 
Scion image (Scion corp. Maryland, U.S.A) as follows. Depth profiles of the fluorescent 
intensity derived from each pixel along the line from the surface as starting point to the 
center of the biofilm-cross-section was obtained. Then, every profile along every line 
from the every pixel on the surface as starting point to the center of the 
biofilm-cross-section was averaged automatically by using custom-programmed Scion 
image macros. The fluorescence in a pixel derived from both probes NEU23a and 
EUB338, and that was exceeding the threshold value was considered as AOB-positive 
signal. The fluorescence in a pixel derived from probe EUB338, and that was exceeding 
the threshold value whereas that of NEU23a was less than threshold value was 
considered as the signal from other bacteria. The each threshold value was set ranged 
from 30 to 80 to exclude empty spaces and background in FISH images.  
 
3.2.7 Chemical analysis 
Ammonia content was measured using an ion meter (F-30, HORIBA, Kyoto); nitrite 
and nitrate concentrations were measured using High Performance Liquid 
Chromatography (HPLC) (column: IC-Anion-PW, Tosoh, Tokyo); and the dissolved 
organic carbon (DOC) content was measured using a TOC meter (TOC 500, Shimadzu, 
Kyoto). 
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3.3 RESULTS  
 
3.3.1 In situ hybridization and data analysis 
Figure 1 shows the dynamic transition of the spatial organization and the microbial 
community structure in the nitrifying biofilm simultaneously stained by NEU23a and 
EUB338 targeting AOB and other bacteria. The FISH images are cross sections of the 
spherical biofilm samples showing typical microbial community structure representing 
10 to 20 samples (most of them shows same structure) for each sampling time. The 
thickness of the biofilm developed on particles in the reactor was around 300 mm and 
kept constant throughout the experiment. These FISH images were processed and 
converted into two-dimensional graphs showing the depth abundance probability 
distributions for the targeted bacteria at every pixel (Fig. 2).  
 
3.3.2 Reduction of C/N ratio 
The microbia l community structure of the biofilm acclimated in synthetic domestic 
wastewater containing organic compounds for six months is shown in Figure 1A. Most of 
the bacteria stained only by probe EUB338 (red) were considered to be heterotrophic 
bacteria. This is because, nitrite oxidation hardly occurred during the period in which 
organic compounds were fed (Fig. 3), indicating the absence or the existence of a much 
smaller number of NOB than heterotrophic bacteria and AOB. Furthermore, our previous 
study indicated that AOB selectively stained by probe NEU23a existed as the dominant 
species and were responsible for ammonia oxidation in the same type of biofilm (3). 
Heterotrophic bacteria stained only by probe EUB338 occupied the outer part of the 
biofilm with a thickness of approximately 100 mm while AOB detected by both probes 
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EUB338 and NEU23a were distributed in the inner part of the biofilm (Fig. 2A). The 
heterotrophic bacteria initially occupied the outer part of the biofilm where 
concentrations of DO and substrate are sufficiently high for growth because, generally, 
heterotrophic bacteria possess a higher growth rate than autotrophic nitrifying bacteria. In 
contrast, AOB was restricted to the inner part of the biofilm because of their low growth 
rate.  
This microbial community structure changed in response to the gradual reduction of the 
C/N ratio, as shown in Table 1. Figures 1B and C show FISH images of the biofilm at 
C/N ratios of 1.67 and 0.43, respectively. The area occupied by heterotrophic bacteria 
decreased, while AOB extended their growth area to the outer part around 50 mm from 
the surface of the biofilm (Figs. 2B and C). This indicates that the decrease in organic 
compounds limited the growth of heterotrophic bacteria, and consequently, AOB started 
to grow in the outer part of the biofilm. When the C/N ratio reached 0, AOB maintained a 
large population in the biofilm and occupied the outer and inner parts of the biofilm. On 
day 39 (15 days after the C/N ratio reached 0), the area stained only by probe EUB338 
was decreased further (Figs. 1D and 2D). The weak but specific signal arising from 
heterotrophic bacteria could be detected at the surface of the biofilm (Fig. 2D). Gradual 
transition of the spatial organization continued even after the C/N ratio reached 0, 
although the substrate composition (inorganic substrate feed) was not changed during this 
period. Until day 65 (35 days after the C/N ratio reached 0), AOB were dominant in the 
area ranging from approximately 30 mm to 100 mm from the surface, whereas the signal 
arising from heterotrophic bacteria disappeared (Figs. 1E and 2E). 
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The time courses of NH4+-N, NO2--N and NO3--N concentrations were monitored 
throughout the experiment (Fig. 3). Initially, the high concentration of organic 
compounds inhibited ammonia oxidation due to their toxicity as well as the lack of DO 
preferentially consumed by heterotrophic bacteria. As the C/N ratio decreased, total 
nitrification activity increased although nitrite oxidation was inhibited latter half of the 
C/N ratio-reducing period. After the C/N ratio reached 0, stable nitrification was realized 
for approximately one month with almost 100% ammonia and nitrite oxidation 
efficiencies.  
 
3.3.3 Transition of microbial community structure  
Nitrification activity suddenly decreased after the continuous and stable nitrification 
up to day 69 (Fig. 3). This inhibition of nitrification, which continued from day 69 to day 
100, was caused by pH fluctuation in the reactor, because pH was adjusted once a day 
during this period, in contrast to three times a day in the other periods. Only ammonia 
oxidation seemed to be inhibited because nitrite was not accumulated in this period. Due 
to the fluctuation of pH, AOB stained by probes NEU23a and EUB338 were not 
observed in the surface area of the biofilm on day 95 (Fig. 1F). A few AOB still remained 
at inner part of the biofilm around 80 mm from the surface. The peak of the 
depth-abundance probability distributions for AOB shifted to the inner part of the biofilm 
(Fig. 2F). 
Nitrification activity was recovered after pH was adjusted three times a day (after day 
100). However, nitrite began to accumulate after day 121, followed by the accumulation 
of ammonia after day 150, that is, both ammonia and nitrite oxidations were inhibited in 
this period (Fig. 3). The spatial organization of AOB markedly changed again. On days 
121 and 171, the area occupied by AOB stained by probes both NEU23a and EUB338 
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decreased compared with that on day 65. AOB were observed only at the outer part of the 
biofilm as a thin layer with 10-20 mm thickness (Figs. 1G, H and Figs. 2G, H). Spherical 
clusters consisting of AOB, whose diameters were approximately 5-10 mm, were detected 
on the surface of the biofilm (Fig. 1I). The clusters were aligned on the surface whereas 
NEU23a-stained cells could not grow inside the biofilm.  
Nitrosococcus mobilis stained by probe Nmv existed and had almost the same number 
as Nitrosomonas sp. that is not stained by probe Nmv, at any time throughout the 
experiment (Fig. 4 A and B) and was likely to be an important species for ammonia 
oxidation in the biofilm. They seemed to distribute on the outer part of the biofilm 
compared to other AOB, that distributed in the inner part of the biofilm. 
 
3.3.4 Nitrite-oxidizing bacteria in nitrifying biofilm  
The microbial community structure of the biofilm was investigated mainly by using 
probes NEU23a and EUB338 in the experiment. The area stained by both NEU23a and 
EUB338 revealed AOB to be the dominant species in the biofilm during the period in 
which inorganic substrate was fed from day 24 to end of the experiment. On the other 
hand, the area stained only by probe EUB338 (shown in red in Figure 1) was not detected 
or much smaller than that of NEU23a-stained area. The result indicates that the members 
of the genus Nitrosomonas (together with Nitrosococcus mobilis) were the predominant 
AOB in the biofilm throughout the experiment. Furthermore, it was suggested that no 
other bacteria or other bacteria present in much smaller number than AOB existed and 
had activities in the biofilm, namely, a small number of NOB were detected compared to 
AOB, although stable nitrite oxidation was maintained throughout the experiment except 
after day 121 and when the C/N ratio exceeded 0. The probes NIT3 and NSR1156, 
targeting Nitrobacter sp. and Nitrospira sp., respectively, were also used for detecting 
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NOB. As a result, a small number of Nitrobacter sp. were observed in the biofilm (Fig. 
5A) and no cells could be stained by probe NSR1156 (data not shown). These results 
suggest that Nitrobacter sp. was responsible for nitrite oxidation in the biofilm, although 
its cell number was much less than that of AOB. 
 
3.3.5 Nitrite-oxidizing biofilm 
The biofilm in which NOB were expected to be dominant, called “nitrite-oxidizing 
biofilm”, was produced by feeding inorganic substrate containing nitrite as the sole 
nitrogen source instead of ammonia to simplify the analysis for the microbial community 
structure of NOB. Nitrite-oxidizing biofilm was constructed using the same procedures 
as those for constructing nitrifying biofilm, and consisted of EPS produced by 
heterotrophic bacteria described above. Almost the same concentration of NO2--N (500 
g/m3) was continuously fed with the same HRT (1 day) as the case in producing 
nitrifying biofilm to which ammonia was fed. Nitrite oxidation was completely carried 
out throughout the experiment (data not shown).  
The microbial community structure of NOB was reinvestigated to estimate the actual 
amount in the biofilm and the dominant species of NOB in the nitrifying biofilm. Figures 
5B and C are FISH images of the biofilm when nitrite oxidation was completely carried 
out. The thickness of the biofilm was approximately twice larger than that of the 
nitrifying biofilm described above simply because the starting biofilm containing 
heterotrophic bacteria was larger. Nitrobacter-like cells stained by both probes NIT3 and 
EUB338 are observed at the outer part of the biofilm as the dominant species. However, 
most of the biomass except Nitrobacter-like cells was undetectable even by probe 
EUB338, whereas most of the biomass located around the surface of the nitrifying 
biofilm was found to consisted of probe EUB338-detectable bacteria, as shown in Figure 
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1E (most of them were AOB and stained by probe NEU23a also). The 
EUB338-undetectable area shown in green arising from auto-fluorescence in Figs. 5B 
and C consists of EPS, heterotrophic bacteria having no activities at that time or dead 
bacterial cells. From these results, we can say that Nitrobacter sp. is the dominant species 
in this nitrite-oxidizing biofilm because the EUB338-detectable area was identical to that 
of NIT3.  
 
 
3.4 DISCUSSION 
 
3.4.1 Functions of biofilm produced by heterotrophs  
The dense, thick and physically strong biofilm was constructed under the conditions in 
which high concentrations of organic compounds and ammonia were continuously fed 
with full dispersion of the biofilm particles by air supply. This is because heterotrophic 
bacteria that occupied the outer part of the biofilm have a high growth rate and produce 
large amounts of gel- like matrix such as EPS comprising the framework of the biofilm. 
Consequently, heterotrophic bacteria occupied the outer part of the biofilm whereas 
nitrifying bacteria were restricted to the inner part of the biofilm, which might be 
unfavorable for them because of the lack of DO. In other words, nitrifying bacteria were 
entrapped and maintained inside the biofilm by the heterotrophic bacteria as if artificial 
gel polymers had entrapped them. As the C/N ratio gradually decreased, the dynamic 
transition of the spatial organization occurred in the biofilm although the physical 
structure of the biofilm seemed to remain unchanged. AOB or NOB could grow stably in 
the biofilm using EPS produced by heterotrophic bacteria as a scaffold. 
The heterotrophic bacteria predominant biofilm (Fig. 1A) that had been acclimated in 
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synthetic organic wastewater dispersed and detached from particles when the C/N ratio 
was abruptly decreased from 4 to 0 within several days of acclimation in inorganic 
wastewater (data not shown). All of the heterotrophic bacteria in the biofilm, which 
dominated the outer part of the biofilm, suddenly lost their activities after the abrupt 
reduction of the C/N ratio to 0. The physical strength of the bio film might be decreased 
due to the degradation of EPS by heterotrophic bacteria because EPS can be used as a 
carbon and energy source during substrate- limited conditions (32). However, the gradual 
reduction of the C/N ratio prevented the biofilm from the corruption by the shock that 
organic compounds abruptly decreased.  
Autotrophic bacteria also utilized EPS produced by heterotrophic bacteria and 
themselves as a scaffold and grew in the biofilm even after the C/N ratio reached 0. 
Consequently, they could stably maintain the framework of the biofilm for a long time 
and be retained in the reactor. However, the framework of the heterotrophic bacteria 
predominant biofilm could not withstand the abrupt decrease of the C/N ratio and was 
destroyed, whereas the biofilm in which autotrophic bacteria predominantly existed 
maintained its framework under two different environmental conditions and activities of 
the bacteria. 
 
3.4.2 Transition of spatial organization 
As shown in this experiment, nitrifying or nitrite-oxidizing biofilm could be produced 
by using the heterotrophic bacteria predominant biofilm as the starting biofilm through 
the gradual reduction of the C/N ratio. The schematic model of this transition is shown in 
Figure 6. The detailed mechanism of the trans ition of the spatial organization is 
considered as follows. First, heterotrophic bacteria in the biofilm were gradually 
deactivated and stopped growing. Consequently, the production of EPS by the 
Chapter III 
 
63 
heterotrophic bacteria decreased. On the other hand, AOB or NOB gradually increased 
their growth activity and extended their existence area to the outer part of the biofilm that 
was previously occupied by the heterotrophic bacteria. AOB and NOB could also 
produce EPS (but at much smaller amounts than heterotrophic bacteria) (27) to contribute 
to the maintenance of the physical structure of the biofilm during this substrate transition 
period. This procedure of controlling the microbial community structure using 
heterotrophic bacteria can be used as a bacterial fixation technique to entrap effective 
bacteria such as nitrifying bacteria which exhibit a low growth rate and are usually 
difficult to form a biofilm especially in a fluidized bed reactor under inorganic 
conditions. 
The depth-abundance probability profile for AOB inside the biofilm on day 39 shows a 
symmetrical distribution around the peak at 65 mm in Figure 2D. AOB did not grow on 
the surface layer of the biofilm even when the C/N ratio reached 0 and the DO limiting 
factor, which leads to competition with heterotrophic bacteria had already been 
eliminated. However, it cannot be ascertained if the inner part of the biofilm, such as the 
area 65 mm from the surface, is a favorable position for AOB. The peaks of the 
abundance probability distribution for AOB also appeared at around 50-70 mm when the 
C/N ratio is exceeded 0, as shown in Figures 2B and C, because AOB were outcompeted 
by the heterotrophic bacteria for DO, as described above. It is thought that this initial 
condition (distribution characteristics when the C/N ratio was exceeded 0) influenced the 
distribution profile of AOB, therefore, they distributed in the area around 65 mm from the 
surface of the biofilm, although 15 days passed after the C/N ratio reached 0 and there 
were no limiting factors at that time. The peak must shift and reach the surface if the C/N 
ratio is kept at 0. In fact, the peak shifted to the surface or rather a new peak was 
generated in the outer part located 40 mm from the surface, as shown in Figure 2E, 
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compared to the Figure 2D, but not on the surface. From these results, in some cases, it is 
likely that the transition of the spatial organization occurred at a lower rate than the 
change of nitrification activity in the reactor. Therefore, it seems that the transition of the 
spatial organization in response to the reduction of the C/N ratio has not reached steady 
state on day 65 yet whereas the treatment activity has already been reached. 
 
 
 
 
 
 
 
 
 
 
FIG. 6.  Schematic image of transition of in situ spatial organization responding to the 
environmental condition. (A) The biofilm in the organic substrate (C/N ratio of 4), (B) in 
the C/N ratio-reduced substrate, (C) in the inorganic substrate, (D) under pH fluctuation, 
(E) with lack of DO and (F) after sudden reduction of C/N ratio. 
 
 
3.4.3 Activity and spatial organization 
Two completely different types of bacterial spatial organizations and their transitions 
accompanying the transition of nitrification characteristics in the reactor were observed, 
namely, accumulation of only ammonia (Phase I) and accumulation of both ammonia and 
nitrite (Phase II). Since pH control was carried out only once a day by adding NaHCO3 
Nitrifying bacteria  
Gradual reduction of C/N ratio 
(A) (B) (C) (D) 
Sudden reduction of C/N ratio 
(F) 
Heterotrophic bacteria  
Carrier particle 
Feeding Domestic wastewater 
(E) 
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during the Phase I period (three times a day in other periods), pH in the reactor was 
dynamically fluctuated, causing the sudden decrease of nitrification activity. The pH 
fluctuation or shock, particularly the low pH shock affected both AOB and NOB and 
directly lead to the inhibition of their actual activities. However, since the equilibrium 
between NH3 and NH4+ favors NH4+ under the low pH condition (pKa = 9.25), the ratio 
of NH3, which is the sole substrate for AOB, was decreased under the low pH condition. 
Therefore, the total ammonia oxidation rate decreased and consequently only NH4+ 
tended to accumulate in the reactor. A significant change of bacterial spatial organization 
was observed as shown in Figs. 1F and 2F. The area occupied by AOB decreased because 
of the pH shock and the reduction of NH3 fraction but a small number of them remained 
and localized in inner part of the biofilm. They seemed to be able to survive in the inner 
part of the biofilm even under severe environmental conditions, as if the biofilm had 
buffer capacity. They were maintained in the reactor stably, even if they were deactivated 
and stopped growing in the continuous reactor operated with an HRT of one day, because 
they were entrapped in the polymer- like material. Therefore, in the event that 
environmental conditions are recovered after the decrease of the activity, it is thought that 
this biofilm formation has the potential to rapidly recover the nitrification activity. 
Furthermore, the rapid recovery can be effected not only by maintaining AOB in the 
biofilm but also by the cell density dependent phenomena, such as quorum sensing (4). 
The second remarkable change of the bacterial spatial organization accompanying the 
change of nitrification characteristics (Phase II: nitrite accumulation) was thought to arise 
from the fluctuation of DO concentration (low DO concentration) because NOB possess 
higher Km values for oxygen than AOB (21, 18). Therefore, nitrite was accumulated 
during the Phase II period because NOB were outcompeted by AOB for oxygen. The 
total area occupied by AOB in the biofilm decreased, as observed in the Phase I period. 
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However, the spatial distribution of nitrifying bacteria in Phase II was completely 
different from that in Phase I. The area occupied by AOB in the inner part of the biofilm 
decreased and concentrated on the surface of the biofilm probably because they could not 
obtain sufficient activity in the inner part of the biofilm because of the lack of DO.  
 
3.4.4 Co-existing two types of AOB 
Two types of AOB were present in the biofilm, Nitrosococcsu mobilis and 
Nmv-undetectable Nitrosomonas sp. It has been reported that N. mobilis was detected 
from an industrial wastewater treatment plant as the dominant species of AOB. Together 
with the previous reports (10), our results indicated that the N. mobilis might be 
responsible for ammonia oxidation in wastewater treatment systems in which a high 
concentration of ammonia was fed. Interestingly, it seemed that the two types of AOB 
co-existed in the biofilm, and did not outcompete each other. They were distributed in 
different positions, namely, N. mobilis was distributed outer part of the biofilm whereas 
the other AOB were distributed inner part. It is not clear whether the growth of the other 
AOB in the outer part of the biofilm was restricted or they favored growth in the inner 
part of the biofilm. However, supposing that N. mobilis outcompeted the other AOB in 
the outer part of the biofilm, the other AOB could occupy the inner part of the biofilm if 
the Km value for the substrates were lower than that of N. mobilis. It seems probable that 
the biofilm has the potential for maintaining a higher bacterial community diversity than 
activated sludge because it can provide different conditions for bacterial distribution. 
Furthermore, realization of a higher bacterial diversity in the wastewater treatment 
system may improve bacterial adaptability to unexpected shock. 
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3.4.5 Nitrite-oxidizing bacteria 
In this experiment, Nitrobacter-like cells were detected much smaller number than 
AOB, although nitrite oxidation was almost 100% from day 36 to day 121. The area in 
the biofilm stained only by EUB338 was much smaller than that doubly stained by 
NEU23a and EUB338 (Fig. 1E). Furthermore, a small area stained by both NIT3 and 
EUB338 showing Nitrobacter- like cells were detected (Fig. 5). As is the case with the 
nitrifying biofilm, a small number of Nitrobacter- like cells were detected as dominant 
species in the nitrite-oxidizing biofilm to which nitrite was fed as sole nitrogen source. 
The nitrite production rate of Nitrosomonas is typically 0.9 to 20 fmol · cell-1 · h-1 and the 
nitrate production rate of Nitrobacter is 5.1 to 42 fmol · cell-1 · h-1 (18). The abundance 
ratio of AOB to NOB in the biofilm should be inversely proportional to their oxidation 
ratio. Therefore, supposing that the oxidation ratio between Nitrosomonas and 
Nitrobacter in the nitrifying biofilm is similar to that of the pure culture shown above, 
the result that a larger number of AOB existed in the biofilm than NOB is reasonable. 
Furthermore, Nitrospira sp., whose oxidation rate was estimated to be approximately 10 
times lower than that of AOB under in situ environmental conditions (21, 28) could not 
be responsible for nitrite oxidation in this biofilm with respect to the abundance ratio 
described above. If Nitrospira sp. were responsible for nitrite oxidation in the nitrifying 
biofilm, the area stained only by probe EUB338 in the biofilm would have been much 
larger, at least larger than the area stained by both probes NEU23a and EUB338. 
Recent studies of nitrifying bacteria from the viewpoint of microbial ecology using 
molecular techniques indicated that Nitrospira sp. is responsible for nitrite oxidation in 
most natural environments (9) rather than Nitrobacter sp. that has been recognized as the 
dominant and representative species of nitrite oxidizers because they are usually and 
easily isolated from any environment. On the other hand, Nitrospira sp. is usually more 
Dynamic Behavior o f Nitrifying Biofilm  
 
68 
difficult to isolate than Nitrobacter sp. by the classical culture-dependent technique 
because its growth rate is significantly lower than that of Nitrobacter sp. (30). 
Furthermore, Nitrobacter sp. has been reported to be absent even from the many types of 
engineered system to which relatively high concentrations of nitrogen sources are fed 
whereas Nitrospira sp. has been detected by molecular techniques such as FISH and 
PCR-DGGE. It has been reported that Nitrospira sp. is a much more important species 
than Nitrobacter sp. for nitrite oxidation in wastewater treatment reactors such as a 
sewage treatment reactor (16), a nitrifying fluidized bed reactor (20, 21), activated sludge 
in an industrial wastewater treatment reactor (10), and a nitrite-oxidizing reactor (5). 
However, Nitrobacter-like bacteria were detected as the sole species of nitrite 
oxidizers in both nitrifying and nitrite-oxidizing biofilm reactors in this study and are 
likely to be responsib le for nitrite oxidation in the reactor as described above. The exact 
reason why Nitrobacter sp. acted as nitrite oxidizers in this study could not be completely 
clarified from the present results. However, the high concentration (500-600 g/m3) or 
high loading rate (500-600 g-N · m-3 · d-1) of NH4+-N or NO2--N, may be a reasonable for 
the occupancy of Nitrobacter sp..  
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CONCLUSION 
 
The EPS produced by heterotrophic bacteria, which comprised the framework of the 
biofilm, is functional. It behaves as a scaffold so that nitrifying bacteria can be stably 
maintained in the biofilm and change their spatial organization in response to the 
environmental conditions without destruction of the biofilm, which causes the washout of 
the nitrifying bacteria. Nitrifying bacteria in the heterotrophic biofilm gradually increase 
their growth activity and extended their existence area to the outer part of the biofilm 
previously occupied by heterotrophic bacteria with the gradual reduction of the C/N ratio. 
The spatial organization of nitrifying bacteria in the biofilm dynamically change in 
response to the change of the environmental conditions, such as pH fluctuation and the 
lack of DO, and reflected the characteristics of treatment activity. The co-existence of 
two types of AOB can be found in the biofilm, namely, N. mobilis and other AOB 
undetectable by probe Nmv. Nitrobacter sp. seems to be responsible for nitrite oxidation 
but is present in much smaller number than AOB under particular conditions such as the 
reactor to which a high concentration of nitrite or ammonia is fed at a high loading rate. 
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